. Heat production and heat loss in the dog at 8-36OC environmental temperature.
Metabolic and thermal responses of three dogs were made in a rapid responding calorimeter at temperatures ranging from 8°C to 36°C. These dogs were acclimatized to a kennel temperature of 27°C and had critical temperatures between 23OC and 25OC. The only physiological responses to low environmental temperatures were a moderate decrease in total heat content and an increase in heat production. The tissue conductance and the cooling constant of the fur did not effectively decrease below the levels obtaining throughout the neutral zone. In a hot environment heat loss from the respiratory tract was greatly increased. Although there was a great increase in the tissue conductance in the hot environment, conductance of heat through the tissue became decreasingly important as the air temperature approached body temperature so that panting became increasingly important for maintaining thermal balance. It is concluded that the vasomotor response of the peripheral vascular system is primarily a mechanism for dissipating excess heat produced during exercise; it is practically unimportant as a heat conserving mechanism. Effective changes in the total insulation of the fur can only be achieved by changing the surface area of the body, particularly those areas which are thinly furred, and not by any important change in the fur thickness through pilomotor activity.
IRECT calorimetric measurements of D heat loss and indirect measurement of heat production in man have been made for many years. These data from a number of laboratories (r-4) provide a thorough description of the thermal, vascular and metabolic responses of the nude, resting body to low and high environmental temperatures. It is very difficult, however, to obtain such information on the human subject in which there exists a dysfunction of the thermal regulatory mechanism, with the exception, of course, of the fever state. There is good reason to suppose that total calorimetric measure- ments on a homeotherm which could be rendered totally or partially nonregulatory would provide new information regarding the temperature regulatory mechanism of the normal animal. In preparation for a study of the response of dogs with hypothalamic lesions, the physiological response of the normal dog was obtained for. a wide range of environmental temperatures. This information is reported here because both direct and indirect calorimetry have simultaneously been done in a rapidly responding calorimeter (5). Although many of the findings have been reported by previous workers investigating a single aspect of the problem of regulation (6) (7) (8) (9) (10) (11) (12) (13) (14) , no study of heat loss and heat production factors of the total response of the dog to various environmental temperatures has been made.
METHODS
Calorimetric procedures were designed to measure each of the important physiological variables used by the dog in response to environmental thermal stress. The physiological thermal variables that may be involved in a cold environment can be listed as :
heat production (shivering and other metabolic changes), body heat content (skin and rectal temperature body mass), insulation of fur, surface area exposed to environment with regard not only to size of the area but also to quality of the insulation of the parts exposed, and conductance of the tissue between the core and the skin which depends upon the degree of dilatation or constriction of the peripheral vascular system.
Variables that may be involved in a hot environment can be listed as those above plus the evaporative heat loss from the external body surface and the respiratory tract. These quantities can be determined by measuring the oxygen consumption, rectal temperature, average skin temperature, water loss from the skin surface, water loss from the respiratory tract and the total nonevaporative heat loss. Heat production can be computed from the oxygen consumed. Heat content is determined from the animal's weight and the rectal and skin temperatures using suitable weighting factors. Tissue conductance is the rate of heat loss through the skin surface; i.e. total heat loss minus the respiratory heat loss! BIIi!l per unit area of the dog per degree temperature difference between the core (rectal temperature) and the skin surface (average skin temperature). The insulation of the fur and the private air above the fur is expressed as the cooling constant to which insulation is reciprocally related. The cooling constant equals the rate of heat loss from the exposed body surface per unit area divided by the average skin temperature minus the environmental temperature.
The calorimeter used in this study is shown in figure I . The calorimeter was a gradient layer type and has been described by Lawton, Prouty and Hardy 1953 (5) . Some modification of the original calorimeter has been necessary in order to adapt it for use with dogs and in order to separate the evaporative loss into loss from the body surface and loss from the respiratory tract. The resting dog was enclosed in the calorimeter with a plastic hood over its head for collecting the respired gases. Dry air was pulled through the chamber by a pump at about I 5 l/min. A sample of the outgoing air was analyzed for O2 depletion with a Beckman oxygen analyzer (model F-2). The analyzer was calibrated by passing dry outdoor air through the instrument at two different pressures ; one pressure was the atmospheric pressure read by a barometer and the other pressure was obtained by increasing pressure in the analyzer and measuring the pressure with a water manometer. If Do was the deflection recorded on the potentiometer for the oxygen analyzer at barometric pressure PO, and DC was the deflection for a calibration pressure, I-',, then the calibration factor was To obtain the oxygen consumption for a half hour period the percentage of oxygen depletion recorded every 24 seconds was averaged over the period and multiplied by the volume of gas leaving the chamber in one-half hour and by a factor which corrects for the fact that the volume passing through the meter per unit time is less than the volume entering the chamber by the difference between the Oa consumption and the CO2 production.
Thus, using Heat production was computed from the O2 consumption assuming an R.Q. = 0.82 for 18 hour postabsorptive dog and using a heat equivalence of 4.8 Cal/l. 02 consumed.
The evaporative heat loss was partitioned into heat lost from the respiratory tract and heat lost from the surface of the body. This was done by measuring the relative humidity of the air entering the chamber, the humidity of the air in the calorimeter which entered the hood over the dog's head and the total humidity of the air leaving the chamber. The air entering the chamber was very dry, always less than I % relative humidity.
The water load of the air entering the hood represents the water loss from all of the body surface except the head and neck. This was subt,racted from the total water load of the air leaving the chamber to obtain the water loss from the respiratory tract. The dry heat, loss was the sum of the heat passing through the gradient layer on the inside surface of the chamber plus the change in heat content of the air as it, passed through the chamber. The change in heat con tent of the air was measured by measuring the temperature difference of the air leaving and entering the cha.mber; this was very very small so that the dry heat loss was !argely the heat flowing through the gradient layer.
The over-all accuracy of the calorimeter was determined routinely by making alcohol checks. Both the measurement of oxygen consumption and of the heat output of burning alcohol agreed with the calculated values within ~3%.
In addition, the measured heat output agreed with the measured oxygen consumption within &3%. The over-all response time of the calorimeter was about IO minutes. The complete response time of the gradient layer for an empty calorimeter except for an electric heater was about 5 minutes. When the hood, restraining frame, electrical and hose connections, etc. were in the calorimeter, the response time for 95% change was about IO minutes. The response time of t.he 02 analyzer was about I minute for 95% of full response.
The rectal and skin temperatures were measured by means of copper-constant an thermocouples.
The ret tal thermocouple was inserted a distance of IO potentiometer and the small remainder was amplified twenty times and recorded at 2OC for a full scale deflection. Small changes in rectal temperature were thereby easily measured. The skin thermocouples were g40 gauge copper and constantan wire which were placed on the skin surface by parting the fur. They were held on the surface by placing a small drop of melted bees wax over the thermocouple. The mean skin temperature was obtained as the sum of the skin surface temperatures at six sites on the body after each had been weighted by the ratio of the site area to the total area (Hammel and Hardy, manuscript in preparation). The area of the different parts of the body and the total area were measured directly by covering the whole animal with adhesive tape. The tape cover was cut into small pieces, removed from the body and pressed onto a large sheet of blueprint paper. The sheet was exposed to sunlight, the adhesive patches were removed and the blueprint was developed. The area of each patch shadow was determined with a planimeter.
The dogs used in this study were three normal mixed breed female animals acclimatized to an animal room temperature between 26 and 28OC. The dogs were trained to rest quietly for 5 hours in the calorimeter never doing more than shifting the position of the body. Dog A was mostly cocker spaniel with long hair and weighing about 8.5 kg. Dog B was a short haired animal weighing about 10.5 kg. Dog C was a long haired dog weighing about IO kg. All dogs were housed in wire cages (28" x 20" x 30") and maintained at constant weight on a diet of Ken-l-Ration supplemented once a week with fresh horse meat.
RESULTS
Three records of typical experiments done in a cold, a neutral and a hot environment are shown in figures 2,3 and 4. In these figures are plotted the rectal temperature, total evaporative heat loss, heat loss through the gradient layer, and the heat production. The figures show the fairly rapid response of all of the recording systems. Movements of the animals even though slight, were immediately reflected in alterations of the records of oxygen consumption, evaporative heat loss and dry heat loss. Changes in rectal temperature are also seen related to movement.
To evaluate mechanisms by which the animals achieved and maintained constant core temperature, the data were averaged over a half-hour period and plot ted as shown in figure 5 . The rectal temperature, mean skin temperature, total heat loss, heat production, respiratory heat loss and perspiratory heat loss are plotted as a function of time in the calorimeter. The term 'perspiratory heat loss' is used here to indicate the evaporative heat loss from the surface of the body. The data in figure 5 are from three representative s-hour runs on dog A at a cold, neutral and hot calorimeter temperature.
In the cold run the rectal temperature fell over the 1st hour from 38.21OC initially to g.14'c.
The experiment was started 10 minutes after the animal had been placed in the cold calorimet,er and the rectal temperature had very likely dropped 0.1-0.2~C in this period. After the 1st hour the rectal temperature was unchanged or increased slightly up to 37.62"C at the end of the run. The average skin temperature fell from 33.8"C to 31.o'C at the end of the first one-half-hour period and remained unchanged or increased slightly thereafter. In the neutral and hot runs the rectal temperatures were at 37.7 zt 0.2OC and 38.5 =t 0.2'C, respectively.
The resting rate of heat production was minimal at about 1.8 Cal/kg/hr. throughout the entire run in the neutral environment. It was only very slightly higher in the hot environment. In the cold environment the rate of heat production increased in the first 2 hours of cold exposure to nearly double the rate in the neutral environment. The rate of total heat nroduc tion aPoroximatelv balanced When an animal was suddenly moved from a neutral laboratory temperature into a cold or hot calorimeter there was always a considerable difference between the rate of heat loss and rate of heat production during the first few half-hour periods. In the cold run the measured rate of heat loss was initially greater than the rate of heat production while the heat content of the dog was decreasing as indicated by the falling rectal and skin temper-.atures. In the hot runs the reverse was true, the measured rate of heat loss was initially less than the rate of heat production while the heat content of the dog increased.
The respiratory and perspiratory rates of heat loss were small in the cold and neutral environments. The respiratory heat loss be-'came an important if not the major avenue for heat loss in the hot environment. The In 3o°C, tissue conductance in the normal dog remained constant between 8 and IO Cal/ m2/hr/"C for dug A, at 6 Cal/m2/hr/"C for dog B and at 7 Cal/m2/hr/"C for dog C. For an environment of 35OC, the conductance may be two or three times the basal value. On one exceptional occasion at about 34OC for dog A the conductance remained at the basal level (about IO Cal/m2/hr/"C). This was possible only because the respiratory loss was extraordinarily high; i.e. nearly double the usual respiratory rate of heat loss. A similar response was observed in dog C at 355OC. The cooling coefficient for the normal dog was nearly constant. From the neutral zone down to 8°C only a slight decrease was observed in dog A from about 3 Cal,lm"/hr/"C at 25OC to 2.5 Cal/m2/hr/"C at 8°C. This decrease was very likely due to a small decrease in exposed surface area as the dogs attempted to curl up in the restraining harness. Even though the hood prevented the dog from curling up, some retraction of exposed surface was possible. In dog B the cooling coefficient remained at 4 Cal/m2/hr/"C for all temperatures between 12OC and 28°C. Similarly for dog C, the cooling constant was about 4 Cal/ m2/hr/"C. An increase in the cooling constant was observed at environmental temperatures above 35OC particularly in dug B. This increase was most likely due to increase in surface area because the dog was able to spread out its legs.
DISCUSSION
These studies have demonstrated that dogs are able to regulate the core temperature (if the rectal temperature is a reasonable index of the core) within narrow limits over a wide range of calorimeter temperatures from 7OC to 37OC. The limits of rectal temperature variation for dog C are shown in figure 9. Rectal temperatures ranged from 37.5OC to 39OC. The same limits were found for dug B while the rectal temperature for dug A ranged from 36.5OC to 39OC. The recta.1 temperature in the neutral environment was about 38.o"C. In a.11 environments there were changes in rectal temperature which occurred simultaneously with transitory alterations in heat production and heat loss. In figure 2 , a cold run, bursts of shivering are followed by small increases in rectal temperature and in figures 3 and 4 bursts of evaporative heat loss (panting) are con- In a hot environment there was an initial increase in heat content of the dog (see fig. 4 ). However, thermal balance was maintained largely by an increase in the evaporative rate of heat loss coming from the respiratory tract. There is probably no significant increase in evaporative heat loss from the body surface of the dog although there are said to be functional sweat glands over the body surface (16).
In a cold environmental temperature the main observable responses were a lowering of the heat content of the body over a period of I hour followed by an increase in the metabolism (see fig. 2 ). The drop in body heat content includes both the core and peripheral tissue. In the experimental run illustrated in figure 5 the drop in heat content for the 1st hour amounted to about 1.2 Cal/kg or nearly the equivalent of the resting hourly metabolism in a neutral environment. The increase in metabolism following the 1st hour was accomplished largely by shivering (macroscopic cold tremor). In figure 2 are noted intervals of 3 minutes duration during which time the metabolic rate dropped abruptly from about 3.5 to 2.0 Cal/kg/hr. (noted by arrows on heat production curve). The resting metabolic rate of dog A at the lower mean body temperature obtaining in the 9°C environment would be, assuming a Qlo = 2, approximately I .5 Cal/kg/hr. Since the metabolic rate in the run of figure 2 fell only to 2.0 rather than I .5 Cal/kg/hr. the metabolism was maintained above the resting level either by reflex muscle tonus without apparent muscular tremor or by increased tissue metabolism caused by the cold stress (chemical regulation). It is not possible from this example to determine which mechanism accounts for the 0.5 Cal/kg/hr. It is clear however that the preponderant part of the elevated metabolism results from muscular activity.
There has been a great deal of discussion of both of the mechanisms of 'physical regulation' (vasomotor activity and piloerection) in almost every account of the thermal regulatory mechanisms in the cold; yet, the informa-J tion presented in figures 6, 7 and 8 indicate that both play only secondary roles compared with the major mechanism of increase of the heat production. There is ample evidence that the vasomotor tone of the peripheral vascular system plays some part in thermal regulation. However, it seems clear from figures 6, 7 and 8 that the over-all vasoconstrictor tone at a neutral 25-3o°C is only slightly less than the tone at cold IoOC. Therefore it is concluded that the vasoconstriction serves only in a small was to reduce the loss of heat when there is a threat of a heat deficit. This conclusion on the role of the vasomotor mechanism tends to corroborate an observation by Keller (13) on a bilaterally sympathectomized dog. He found that even when the animal was subjected to a heavy external cooling load, the magnitude of the hypothermia which developed was surprisingly small. The animal maintained a rectal temperature within the normal range of 38°C when housed at a neutral temperature of 25OC. When exposed to j"C for 6 hours, its rectal temperature fell slowly to only 35.2OC in 4 hours and began to return to a normal level. In the light of the evidence in figures 6, 7 and 8, one would suspect that the sympathectomized animal did not need to relv heavilv uuon vasoconstriction for in- creased heat conservation when exposed to cold environments and therefore was not seriously embarrassed by the absence of central control over the vasoconstrictor tone. The constrictor tone due to the cold acting directly upon the blood vessels may have served to eliminate the dilatory effect of sympathectomy.
If there is any doubt of the relatively passive role of the peripheral vascular system in preparing the normal dog to cope with low environmental temperatures, one need only study the time course of tissue conductance for the average of four cold runs, six cool runs, five neutral and four hot runs. These data along with the cooling constants are shown in table I. There is shown in table I a small drop in the tissue conductance for the first half-hour in the cold and cool runs. However, a similar drop is also noted in the neutral runs for the first period or two. Therefore, this small decrease in tissue conductance can not be interpreted as a response specific to the cold but probably represents a diminution of peripheral blood flow resulting from quieting down following a period of activity prior to entering the calorimeter. To determine the role of tissue conductance in regulation against a cold environment it is necessary to compare equilibrium conductance values in the neutral zone; that is, at environmental temperatures above the critical temperature with the conductance in the cold environment. The critical temperatures for dogs A, R and C were found to be 23OC, 25OC and 23OC, respectively. The critical temperature was determined in a way described by Scholander et a.Z. (17) and is the environmental temperature below which the metabolic rate must be increased in order to maintain constant core temperature. Comparing the equilibrium tissue conductance of each of these dogs in the neutral zone which lies above the critical temperature with the conductance values at any environmental temperature below the critical temperature and down at least to 8°C it is found that there is very little if any difference. This does not mean that the skin temperature is not lower in the colder environment, for indeed it is as seen in figures 6, 7 and 8. It means that the average tonus of the vasomotor mechanism is not increased in the cold environment above what it is in a neutral environment where there is neither heat or cold stress. Because skin temperature will fall in response to a lowered environmental temperature without any change in tissue conductance, a measurement of skin temperature by itself is not a sufficient measurement for evaluating the vasomotor state of the peripheral vascular system (18) . Striim (19) observed the effects of local heating and cooling of the anterior hypothalamus upon the blood flow of an anesth.etized cat and found that local heating produced a large increase in blood flow while local cooling had no effect. Local heating of the hypothalamus of an unanesthetized dog produced a marked increase in ear temperature HEAT PRODUCTION AND HEAT LOSS IN THE DOG 107 whereas local hypothalamic cooling had no effect on ear temperature (20) . Hensel (6) has interpreted this absence of vasoconstriction concomitant with hypothalamic cooling (except when there has been prior vasodilatation produced by hypothalamic heating) to mean that under normal conditions cooling of the hypothalamic centers has no definite physiological significance. The evidence obtained in our study regarding the lack of variability of the tissue conductance and therefore the vasomotor mechanism at all environmental temperatures below 27-28°C indicates that the vasomotor mechanism is a very insensitive indicator of the physiological responses to cold stress; therefore considerable caution should be used in deducing the physiological significance of cooling the hypothalamus based on vasomo tor responses alone. Since the vasomotor system is not an important dynamic heat conserving mechanism in t,he dog, what is its role in thermal regulation? Figures 6, 7 and 8 show that the essential response of the vessels of the peripheral vascular system is related to dissipating heat when the animal is threatened with overheating. The very marked increase in the tissue conductance at environmental temperatures above about 3o°C, strongly indicates that peripheral blood flow has greatly increased due to a diminution of the vasoconstrictor tone and possibly including an active vasodilatation of the peripheral blood vessels. However, as the dog does not sweat, it cannot cool its peripheral blood by evaporative means as does man, and the high rate of skin blood flow in a hot environment is thus of little value to the dog. It must thus be concluded that in the resting dog, vasomotor changes have little effectiveness in regulating the body temperature on exposure to either heat or cold.
The thermal regulatory responses of the normal dog to high environmental temperatures were: a) increased respiratory heat loss through panting, b) increased tissue conductance through vasodilatation of the peripheral vascular system, and c> a small increase in surface cooling coefficient. Although increased tissue conductance may be an important physiological response, it was of doubtful value in the actual transfer of heat from the body of the dog since there is no sweating. Indeed, if the environmental temperature is hi.gher than the core temperature, a high tissue conductance is a possible disadvantage. However, the respiratory heat loss mechanism was capable of dissipating not only the heat generated internally but also the heat received by conduction from the environment because in some of our experiments the atmosphere in the hood was maintained drv by high air flow. When the environmental temperature was only moderately high (33-34OC), at which temperature a threat of a positive heat load first occurred, both mechanisms for dissipating heat seemed to be activated at about the same time. If one mechanism was activated before the other, it was probably the tissue conductance as indicated in figures 6, 7 and 8.
It has been shown that the vasomotor mechanism is not an effective device for increasing heat conservation in cold environments. It was also found that although the vasomotor system was strongly activated in response to high environmental temperatures, its effectiveness as a heat dissipating pathway was of minor importance relative to the evaporative process from the lungs. The usefulness of the vasomotor system may be realized when the animal is threatened with a heat excess in a neutral or cold environment. This, of course, is a frequent thermal situation when the animal is exercising. Indeed a well recognized physiological problem of furred animals in the Arctic is that of losing heat while vigorously exercising in the cold. Another important role (unmeasured here) of increased tissue conductance in exercise and in high air temperatures is the increased evaporative and convective heat loss resulting from vasodilatation in the tongue and tissue of the respiratory tract.
Variations in the cooling constant for the normal dog lying restrained in the calorimeter provided little protection when the animal was threatened by extreme thermal exposures. This may be seen in figures 5, 6, and 7 and table I. While in the calorimeter, the head of the dog was enclosed in a hood so that the animal was restrained from making effective changes in its exposed surface. Thus any important change in the cooling constant would have been made through pilomotor activity. Since no important change in the cooling constant was observed from the cold to the cool and neutral experiments, it is concluded that piloerection of the animal's fur did not Sweating was absent. Man on the other hand offer much protection when threatened by a regulates his heat loss by sweating and by heat deficit. In fact, the small change observed vasomotor changes. Fanting is usually not in the cooling constant may have been due in effective. Man's skin temperature is thus regupart to the stretching out of the animal in lated to a great degree in warm environments the hot experiments. Had the animal been and the dog's is not. allowed to curl up in the normal fashion, the It is concluded that in the heat, man and cooling constant (calculated as above) would dog are widely different in their temperature certainly have decreased in response to a low regulatory processes; whereas in the neutral calorimeter temperature.
and cold environments they are qualitatively In summary it is interesting to compare the similar. regulatory reactions of the dog and man to heat and cold exposure.
Cold. Both species regulate by increasing metabolic rate to equal heat loss. Heat loss is regulated only to the extent to which surface area can be reduced by curling up. Both species remain tightly vasoconstricted but vasomotor activity is not used as a control for heat loss. The conductivity of the peripheral tissues in dog &IO Cal/m2/hr/'C is about the same as that for nude man. The cooling coefficient for the dog 2-3 Cal/m2/hr/"C is lower than that for man [4] [5] Cal/m2/hr/"C.
Neutral.
The critical temperature of the unacclimatized dogs 23-25OC was lower than that of the nude man 2%29°C. Metabolic rate of the dog 1.65 Cal/kg/hr. expressed per unit of body weight was higher than that of man (0.90-0.95 Cal/kg/hr.) (2) and about the same as man when expressed on a surface area basis (30) (31) (32) (33) (34) (35) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) Cal/m2/hr. man). Temperature regulation in the neutral zone was effected in both species by small changes in heat production and vasomotor activity and vaporization.
Hot. The dog regulated his heat loss almost entirely by panting (vaporization from the respiratory tract), and to a slight extent by exposing more surface area. Vasomotor activity was present but was not effective.
